Background: Established risk factors for left ventricular hypertrophy (LVH) are hypertension, diabetes, and obesity. However, as these risk factors explain only part of the variation in left ventricular mass, we investigated whether persistent organic pollutants (POPs) might also play a role in LVH, because exposure to polychlorinated biphenyl 126 induced cardiac growth in rats.
INTRODUCTION
A bnormalities in left ventricular geometry, such as eccentric left ventricular hypertrophy (LVH), concentric LVH, and concentric remodeling, are associated with an increased risk for cardiovascular morbidity and mortality [1, 2] . LVH is also an independent risk factor for heart failure, cerebrovascular insults, and death due any cause [3] [4] [5] . Hypertension is the best known risk factor for LVH and congestive heart failure [6] , although LVH also could result from aortic valve stenosis or other less common abnormalities. In addition, diabetes and obesity are two widely accepted risk factors for LVH today [7, 8] . However, as these established risk factors can only explain part of the variation of left ventricular geometry, other factors must be of importance.
Persistent organic pollutants (POPs) are chemical substances that persist in the environment and bioaccumulate through the food web, and exposure of most human populations is through consumption of fat-containing food such as fish, dairy products, and meat [9] . In recent years, data on associations between elevated circulating levels of POPs and a number of LVH risk factors, such as hypertension, obesity and diabetes, as well as metabolic syndrome have been assembled [10] [11] [12] [13] [14] [15] [16] . Furthermore, prevalent myocardial infarction has also been found to associate with elevated levels of certain POPs [17] [18] [19] .
As animal studies indicate that environmental pollutants, for example, dioxins, hexachlorobenzene (HCB), and polychlorinated biphenyls (PCB 126), could increase heart weight and hypertension [20] [21] [22] , we hypothesized that certain POPs could influence left ventricular geometry also in humans. To test this hypothesis, in this cross-sectional study, we evaluated whether there was an association between circulating serum levels of POPs and abnormalities of left ventricular geometry in a Swedish cohort
PARTICIPANTS AND METHODS

Participants
Eligible for the study were all individuals aged 70 living in the community of Uppsala, Sweden. The participants were chosen from the register of community residents and were invited in a randomized order. The individuals received an invitation by letter within 2 months of their 70th birthday. The PIVUS study aimed to investigate an elderly population standardized to the age of 70, because age is such an important characteristic, especially in the elderly. Of the 2025 individuals invited, 1016 agreed to participate yielding a participation rate of 50.1%.
The study was approved by the Ethics Committee of the University of Uppsala, and the participants gave their informed consent.
Basic investigation
At home before the examination, the participants were asked to fill in a questionnaire about their medical history, smoking habits, and regular medication. All participants were investigated in the morning after fasting since midnight, providing a fasting period of at least 8 h. No medication or smoking was allowed after midnight. Blood pressure was measured by a calibrated mercury sphygmomanometer to the nearest mmHg after at least 30 min of rest, and the average of three recordings was used. Lipid variables and fasting blood glucose were measured by standard laboratory techniques. Diabetes was defined as fasting plasma glucose at least 7.0 mmol/l or antidiabetic treatment. Basic characteristics are given in Table 1 .
As the participation rate in this cohort was only 50%, we carried out an evaluation of cardiovascular disorders and medications in 100 consecutive nonparticipants. The prevalence of cardiovascular drug intake, history of myocardial infarction, coronary revascularization, antihypertensive medication, statin use, and insulin treatment were similar to those in the investigated sample, whereas the prevalence of diabetes, congestive heart failure, and stroke tended to be higher among the nonparticipants. See reference [23] for details.
Echocardiography
A comprehensive two-dimensional and Doppler echocardiography was performed with an Acuson XP124 cardiac ultrasound unit (Acuson, Mountain View, California, USA). A 2.5 MHz transducer was used for the majority of the examinations. Presence of stenosis or regurgitations in the mitral and aortic valves was recorded by use of color and continuous Doppler.
Left ventricular dimensions were measured with M-mode on-line from the parasternal projections, using a leadingedge-to-leading-edge convention. Measurements included interventricular septal thickness, posterior wall thickness, left ventricular diameter in end-diastole and end-systole. Left ventricular relative wall thickness (RWT) was calculated as (interventricular septal thickness þ posterior wall thickness)/ (left ventricular diameter in end-diastole).
Left ventricular mass (LVM) was determined from the Penn convention and indexed for height 2.7 [24] to obtain left ventricular mass index (LVMI). In the total sample of 1016 individuals, recordings with good quality for calculations of LVM were obtained in 922 participants.
Left ventricular geometry was also divided into four categories according to Ganau et al. [4] . A normal left ventricular geometry was considered to be present if LVMI was normal (<51 g/m 2.7 ) and RWT less than 0.45 [24] . Concentric LVH was defined as LVMI above the threshold for LVH together with RWT more than 0.44, but if RWT was below this cut-off for RWT, eccentric LVH was considered present. If LVMI was normal but RWT more than 0.44, the left ventricular geometry was denoted as concentric remodeling.
All participants with a history of myocardial infarction were excluded from analysis (n ¼ 72).
The evaluation of echocardiography was performed by a technician who was not aware of the other collected data.
Persistent organic pollutant analyses
POPs were measured in stored serum samples collected at baseline. Analyses of POPs were performed using a Micromass Autospec Ultima (Waters, Milford, Massachusetts, USA) high-resolution chromatography coupled to highresolution mass spectrometry (HRGC/HRMS). All details on POP analyses have been reported elsewhere [25] . A total of 23 POPs were measured: 16 polychlorinated biphenyls (PCBs), five organochlorine pesticides, one octachlorodibenzo-p-dioxin (OCDD), and one brominated biphenyl ether (BDE). Among the 23 POPs measured, two organochlorine pesticides (trans-chlordane and cis-chlordane) with detection rates less than 10% were not included in the final results/statistical analyses. The POP levels were normalized for circulating lipids. 
Statistics
All the variables of the POPs were log-transformed, to achieve normal distributions. As POP level most often differs between men and women, the primary regression models between left ventricular variables and metals were adjusted for sex, as no interactions between sex and POPs were found to require sex-specific analysis. As a second step, adjustments were also performed for the classical risk factors for LVH, blood pressure (both systolic and diastolic), antihypertensive treatment, diabetes, and BMI. Differences between left ventricular geometric groups were evaluated with analysis of variance (ANOVA) using Bonferroni posthoc analysis. Two-tailed significance values were given with P < 0.0023 regarded as significant, because as many as 21 different POPs were evaluated. The statistical program package STATA 11 (STATA, College Station, Texas, USA) was used.
RESULTS
Persistent organic pollutants vs. left ventricular geometric groups
In the total sample (n ¼ 943), 390 participants showed a normal left ventricle (LV), and 553 showed abnormal left ventricular geometry. Out of these, 60 showed an eccentric LVH, 344 showed concentric LVH, and 149 concentric remodeling of the LV. When relating the POP levels to geometric groups, eight out of the POPs [PCB 118, 105, 194, 206, 209 , 169, HCB, and trans-nonachlor (TNC)] differed between the four left ventricular geometric groups in ANOVA analysis, after adjustment for sex (all participants being aged 70 years; P < 0.05-0.001, see Table 2 for details). Of those, only PCB 169 was significant following Bonferroni correction. See Table 2 for details. However, after multiple adjustments for established risk factors (hypertension, diabetes, and obesity), all different associations lost in significance.
When the POP levels in the eccentric LVH group were compared with the POP levels in the normal left ventricular geometry group, TNC, PCB 194 and 209 were elevated in the eccentric LVH group when adjusted for sex (P <0.05-0.001, see Table 2 for details). TNC, but not the PCBs, was still significant after multiple adjustments.
Seven out of the PCBs (congeners 105, 118, 169, 170, 180, 206, 209) were elevated in the concentric LVH group, when the POP levels in the concentric LVH group were compared to the POP levels in the normal left ventricular geometry group, adjusted for sex (P <0.05-0.001, see Table 2 for details). However, none of them was still significant after multiple adjustments.
When comparing the POP levels in the concentric remodeling group to the POP levels in the normal left ventricular geometry group, adjusted for sex, HCB and six out of the PCBs (congeners 105, 118, 194, 169, 206, and 209) were elevated in the eccentric LVH group (P < 0.05-0.001, see Table 2 for details). HCB and PCB 126, but not the other PCBs, were still significant after multiple adjustments. See Fig. 1 for details regarding HCB levels in the different groups.
Persistent organic pollutants vs. left ventricular mass
Following adjustment for sex only, eight POPs were related to LVMI. Four of the POPs [PCB 99, 105, 118, TNC, and 1,1-bis-(4-chlorophenyl)-2,2-dichloroethene ( p,p'-DDE)] were associated with increase in the LVM and three PCBs (congeners 170, 180, and 209) were associated with a decrease in the ventricular mass (P < 0.05-0.001, see Table 3 for details). Of those, only PCB 105, PCB 209, and p,p'-DDE were significant following Bonferroni adjustment. However, after multiple adjustments for established risk factors (hypertension, diabetes and obesity), all different associations lost in significance.
Persistent organic pollutants vs. relative left ventricular wall thickness
When relating the POP levels to RWT, four of the POPs (PCB 74, PCB 99, PCB 105 and HCB) were associated with an increase in the relative left ventricular wall thickness, after adjustment for sex (P < 0.05-0.001, see Table 3 for details). Of those, only PCB 118 and HCB were significant following Bonferroni adjustment. After adjustment for traditional risk factors, increased HCB levels were still highly significantly related to increased left ventricular RWT (P < 0.0001, Fig. 2) . In an additional analysis, smoking, waist/hip ratio, high-density lipoprotein and low-density lipoprotein cholesterol, and serum triglycerides were added as confounders to the multiple regression model investigating the relationship between RWT and HCB, and the regression coefficient was virtually unchanged and the P value for HCB was still <0.0001.
Moreover, PCB 157 was significantly related to left ventricular RWT following adjustment for the classical risk factors (P ¼ 0.002), although not significantly so following adjustment for sex only. Two PCBs, PCB 126 and PCB 169 showed inverse relationships vs. RWT also following adjustment for risk factors. However, none of these showed P values indicating significance following strict Bonferroni correction.
Nonlinear relationships were investigated using multiple fractional polynomial regression analysis, but no such consistent nonlinear associations were found between the POPs and indicators of left ventricular geometry.
DISCUSSION
The present cross-sectional study showed that several of the POPs were related to abnormal left ventricular geometry. However, most of these relationships were not significant following adjustment for established risk factors, suggesting that if those POPs have a role in abnormal left ventricular geometry, the effects are mediated by the traditional risk factors for LVH. However, for HCB, the relationship vs. relative left ventricular wall thickness persisted also following adjustment for the classical risk factors, suggesting a possible direct myocardial effect.
Some data on hexachlorobenzene
HCB is a bioacculumative toxic pollutant with an estimated half-life in humans of 6 years [26] , which in the past was intensively used as a fungicide and in the manufacture of synthetic rubber. Although HCB is no longer directly used, because of its lipophilic and chemically stable character, HCB can be found throughout the environment. Humans are mainly exposed to HCB via fat food, such as dairy products.
Comparisons with the literature
In humans, POPs have been associated with cardiovascular disease, such as myocardial infarction and stroke, following accidents, such as the Seveso disaster, following herbicide handling during the Vietnam War, as well as in a crosssectional analysis in National Health and Nutrition Examination Survey (NHANES) cohort [27] [28] [29] . However, data on POPs and heart failure, a possible consequence of LVH, are rare.
In one classical experimental toxicology study, in which 40 male and 40 female Sprague-Dawley rats were fed diets containing 0.0 (64 males, 64 females), 0.32, 1.6, 8.0, or 40.0 (66 males, 66 females) ppm HCB for 3 months, increased heart weight was found [21] .
An experimental rat study performed at our laboratory showed that PCB 126 increased heart weight and induced hypertension [22] . In the present study in humans, the relative left ventricular wall thickness of the heart tended to decrease with elevated circulating levels of PCB 126. Several other PCBs were related to increased left ventricular wall thickness in a positive fashion, but these associations lost in significance following adjustment for classical risk factors. Thus, possible myocardial effects of those POPs seem to be mediated through the established risk factors (hypertension, obesity, and diabetes). This is in line with previous data showing a link between several POPs and hypertension, obesity, and diabetes [10] [11] [12] [13] [14] [15] .
Possible pathophysiological mechanisms
There are several possible biologically mechanisms whereby POPs might interact with the cardiomyocytes. Activation of the aryl hydrocarbon receptor (Ah-receptor, AHR) by dioxin or PCBs mediates induction of several detoxification enzymes, such as CYP1A1, resulting in a diversity of effects including impairments in the regulation of growth factor signaling, cell cycle proliferation, differentiation, arrest, and apoptosis. Persistent cardiac effects of dioxins have been noted in many species, such as zebra fish, mice, and chickens [30] . For example, dioxin exposure of Avian embryos induces dilated cardiomyopathy, myocardial hypoxia, increased vascular endothelial growth factor A (VEGF-A) expression, and coronary vascularization [31] . Microarray analyses of mice embryos exposed to dioxin show significant AHR-dependent chances in cardiac gene expression involved in cardiac hypertrophy such as atrial natriuretic peptide, b-myosin heavy chain, and osteopontin. As the increased gene expression remains long after removal of the agent, the hypothesis is that dioxin may be responsible for a change in the epigenetic mechanism [32, 33] . Exposing adult, as well as fetal, mice to dioxin led to cardiac hypertrophy and increased blood pressure [32] .
Paradoxically, AHR-gene ablation in mice causes significant cardiac hypertrophy, as well as elevated levels of endothelin-1 (ET-1), angiotensin-2, b-myosin heavy chains, and atrial natriuretic factor expression [34] . One intriguing possibility that would resolve this paradox is that cardiovascular disease might be the consequence of depletion of a functional AHR, which would be the common consequence of both gene ablation and protein downregulation.
Ablation of the AHR gene in mice also causes increased cardiac fibrosis, one of the characteristics of left ventricular remodeling. Elevated ET-1 and activation of the ET A receptor is involved in this response to disruption of the AHR [35] . It has also been shown experimentally that dioxin exposure induces oxidative stress [20, 36, 37] and inflammation [38, 39] , two putative players in the development of cardiac hypertrophy and remodeling.
HCB is a weak antagonist of the AHR [40] . Thus, some of its toxic properties could well be mediated by this receptor, as for dioxin and dioxin-like PCBs. However, other pathways also seem to be activated by HCB as this compound has been shown to induce alterations in the insulin-like growth factor signaling pathway [41] , a pathway known to be involved in cell proliferation. HCB has also been shown to interfere with sex hormones, possibly by an action on estrogen receptor alpha [42] . This has been shown to upregulate c-Src and HER1, two modulators of mitogenic activity. Thus, several actions of HCB might be involved in concentric remodeling of the LV.
Clinical applications
The present study suggests an association between POP exposure and LVH in a population with a low prevalence of HCB (ln-transformed) 5 
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FIGURE 2 Relationship between hexachlorobenzene (HCB, ln-transformed values, ng/g lipid) and relative wall thickness (RWT; P < 0.001).
overt heart failure. The clinical implication of this study is as yet unknown. The first step forward to resolve this matter would be to study POP levels in LVH in case-control and prospective studies. The prevalence of heart failure in the present study is unfortunately too low for any meaningful evaluation. However, with time new incident cases will emerge that will enable the evaluation of this matter in the PIVUS study in the future. Nevertheless, epidemiological studies can never prove causality, and as randomized clinical trials cannot be performed with environmental contaminants, we are relying on experimental studies to seek further evidence based on the human findings.
Limitations
As the present sample was limited to whites aged 70, caution should be observed about drawing conclusions regarding other ethnic and age groups.
Furthermore, the present study had a moderate participation rate. An analysis of nonparticipants showed the present sample to be fairly representative of the total population regarding most cardiovascular disorders and drug intake. However, as in all population-based studies in the elderly, there was an over-representation of disabling disorders, such as stroke and heart failure, in those who did not attend.
Epidemiological studies are always subject to a risk of residual confounding, so that a yet unmeasured factor could influence the relationship between the exposure and outcome, in this case the relationship between HCB level and RWT. Furthermore, a cross-sectional study such as this could also be subjected to reverse causality, so that the outcome could influence the exposure. In this case, it is nonetheless not very likely that a high RWT would increase the HCB levels.
In conclusion, in this cross-sectional study, circulating levels of HCB were related to increased left ventricular wall thickness independently of traditional risk factors such as hypertension, diabetes, and obesity. This finding should encourage further studies to evaluate mechanisms whereby HCB may induce concentric growth of the LV.
Moreover, circulating levels of other POPs were also related to abnormal left ventricular geometry thickness, but in these cases, the effects seem to be mediated by traditional risk factors for LVH.
Reviewer's Summary Evaluation
Referee 1
In the prospective study of more then 1000 subjects echocardiographic parameters of left ventricular size were investigated in relation to 21 organic pollutants measured in plasma. Hexachlorobenzene was significantly related to relative wall thickness independently of other known risk factors for LVH, indicating that this pollutant may participate at the concentric remodeling development. It suggests that hexachlorobenzene might be considered as a potential risk factor of cardiovascular morbidity. However, the pathophysiological mechanisms behind remain unexplained and the causality of the given relation is uncertain.
